Abstract: This paper investigated the property evolutions of Mo thin films that were subjected to post-sputtering heat treatments from 700 • C to 1100 • C. It was found that, after annealing, the use of Si wafers eliminated crack formations found in previously reported Mo thin films sputtered on fused silica substrates. The recrystallization of the Mo thin film was found to start at 900 • C, which led to rearrangements of the preferred crystalline orientation and enhancement of grain size when the annealing temperature was further increased. The electrical conductivity of the Mo thin films was majorly affected by the increase of Mo crystallite size as the annealing temperature was increased. Overall, the improvement of material sustainability and compatibility in the high temperature annealing process has made it positive to implement a Mo-Si contact-substrate scheme for vertical structured Si QDs solar cells.
Introduction
Vertically structured Si quantum dot (QDs) solar cells implementing a Molybdenum (Mo) back contact layer have been proposed as a method to overcome the current crowding effects found in previous mesa-structured cells [1] [2] [3] [4] . As illustrated in Figure 1a , the drawback of a mesa-structure is the transport of lateral carriers across the thin resistive bottom layer to be collected by the cathode or anode. The resulting low current output has limited the application of this structure towards high efficiency photovoltaic devices as expected. On the contrary, the vertical structure shown in Figure 1b will overcome the current crowding problem by circumventing lateral current flow in the bottom layer. This requires employment of a conductive interlayer between the Si QDs solar cell, and the substrate to serve as the back contact. Apart from the expected improvement in current output, another benefit of the vertical structure is that it simplifies the fabrication process by removing the necessity of reactive ion etching (RIE) to create mesa-islands as previously needed. Molybdenum (Mo) is selected in this work for the aforementioned back contact interlayer, due to its high melting point and good electrical conductivity. The main investigation on Mo as metal contacts is focused on the effect of the deposition condition in CuInGaSe2 (CIS) based solar cells detailed in previous reports; however, the annealing temperatures were all below 600 ℃ due to the limitation imposed by the soda-lime glass substrate used in these studies [5] [6] [7] [8] [9] [10] [11] [12] . However, Si QDs formation requires a high temperature annealing process up to 1100 ℃, and thus the Mo thin films should still have good conductivity after such high temperature treatment. Our previous study showed that sputtered Mo thin films on fused silica substrates suffered severe degradation, due to the formation of cracks after annealing at 1100 ℃ [3, 4] . This was primarily due to the mismatch of the thermal expansion coefficient, which hindered the realization of vertically structured devices. Therefore, in this study, we replaced the fused silica with Si wafers, which have a thermal expansion coefficient close to the value of Mo [4] . Our work discusses the evolution of Mo properties, with respect to different annealing temperatures from 700 ℃ to 1100 ℃ on Si substrates.
Materials and Methods
Si wafers with 500 µm thickness were used as substrates. The deposition of Mo thin film was done in an AJA sputtering system, with a direct current (DC) power of 160 W supplied to the target. The sputtered Mo thin film had a bilayer structure similar to that described in Reference [6] , i.e., a 100 nm thick, loosely packed bottom layer (sputtered with Ar flow rate at 30 sccm, and chamber pressure at 15 mTorr), and a 900 nm thick densely packed top layer (sputtered with Ar flow rate at 15 sccm, and chamber pressure at 1.5 mTorr), adding to a total thickness of 1 µm. Annealing of assputtered Mo thin films was carried out in a micro-controlled MTI furnace. The quartz tube used to anneal the samples was pre-baked with an N2 flow of 2 LPM at 400 ℃ for 1 h, to remove residual contamination and water vapour. The annealing temperature was varied from 700 ℃ to 1100 ℃ in 100 ℃ steps for 1 h, respectively, in an N2 atmosphere. The up/down temperature ramping rate was maintained at 10 ℃/min. In the following discussion, the as-sputtered Mo thin film is denoted as AsMo, whilst annealed Mo thin films are labelled Mo-Ta, where Ta is the annealing temperature in ℃.
The surface morphology and average roughness of as-sputtered and annealed Mo thin films were examined through a combination of: Atomic force microscopy (AFM) using a Bruker Dimension Molybdenum (Mo) is selected in this work for the aforementioned back contact interlayer, due to its high melting point and good electrical conductivity. The main investigation on Mo as metal contacts is focused on the effect of the deposition condition in CuInGaSe 2 (CIS) based solar cells detailed in previous reports; however, the annealing temperatures were all below 600 • C due to the limitation imposed by the soda-lime glass substrate used in these studies [5] [6] [7] [8] [9] [10] [11] [12] . However, Si QDs formation requires a high temperature annealing process up to 1100 • C, and thus the Mo thin films should still have good conductivity after such high temperature treatment. Our previous study showed that sputtered Mo thin films on fused silica substrates suffered severe degradation, due to the formation of cracks after annealing at 1100 • C [3, 4] . This was primarily due to the mismatch of the thermal expansion coefficient, which hindered the realization of vertically structured devices. Therefore, in this study, we replaced the fused silica with Si wafers, which have a thermal expansion coefficient close to the value of Mo [4] . Our work discusses the evolution of Mo properties, with respect to different annealing temperatures from 700 • C to 1100 • C on Si substrates.
Si wafers with 500 µm thickness were used as substrates. The deposition of Mo thin film was done in an AJA sputtering system, with a direct current (DC) power of 160 W supplied to the target. The sputtered Mo thin film had a bilayer structure similar to that described in Reference [6] , i.e., a 100 nm thick, loosely packed bottom layer (sputtered with Ar flow rate at 30 sccm, and chamber pressure at 15 mTorr), and a 900 nm thick densely packed top layer (sputtered with Ar flow rate at 15 sccm, and chamber pressure at 1.5 mTorr), adding to a total thickness of 1 µm. Annealing of as-sputtered Mo thin films was carried out in a micro-controlled MTI furnace. The quartz tube used to anneal the samples was pre-baked with an N 2 flow of 2 LPM at 400 • C for 1 h, to remove residual contamination and water vapour. The annealing temperature was varied from 700 • C to 1100 • C in 100 • C steps for 1 h, respectively, in an N 2 atmosphere. The up/down temperature ramping rate was maintained at 10 • C/min. In the following discussion, the as-sputtered Mo thin film is denoted as As-Mo, whilst annealed Mo thin films are labelled Mo-T a , where T a is the annealing temperature in • C.
The surface morphology and average roughness of as-sputtered and annealed Mo thin films were examined through a combination of: Atomic force microscopy (AFM) using a Bruker Dimension Icon SPM (Bruker, Bill Clinton, MA, USA), and field emission scanning electron microscopy (FESEM) using a FEI Nova NanoSEM 230 (Thermo Fisher Scientific, Hillsboro, OR, USA). The FESEM was also utilized to check the Mo/Si interface through cross-sectional imaging on the cleaved samples. The evolution of the crystalline structures of Mo thin films was investigated through X-ray diffraction using a PANalytical Xpert Materials Research diffractometer with a Cu Kα source. Finally, the change in electrical properties of Mo thin films, with respect to annealing temperature, which is correlated to the evolution of crystalline properties, was studied based on a 4-point-probe (4PP) measurement using a Jandel Model RM3 setup. Figure 2 demonstrates the plan view and cross-sectional scanning of Mo thin films using a combination of AFM and FESEM. The as-sputtered Mo thin film consisted of flake-like grains from, both 3D AFM and plan view FESEM images. These flake-like grains were transformed to stony-like ones upon annealing. Similar changes in morphology with annealing temperature were reported in Reference [10] , where the authors attributed the stony-like grains to an association with Mo surface oxidation. From Figure 2c , the thickness of the thin films is around 1 µm and remains unchanged regardless of heat treatments. Mo crystals in the as-sputtered sample had columnar grains along the cross-section of the film, which were packed perpendicular to the Si wafer substrate. With respect to annealing, new interfaces started to form within the grains, and the columnar feature of Mo crystals was lost when the sample was annealed in 900 • C, which was the recrystallization temperature of Mo [13] . As the annealing temperature increased above 900 • C, higher energy was obtained in the thin film to facilitate grain boundary migration. As a result, crystals were merged with adjacent grains, and subsequently the enlarged grains grew to a level where their volumes were comparable to the thickness of the film when the sample was annealed at the highest temperature of 1100 • C. The recrystallization process is usually accompanied by stress relaxation and crystalline texture evolution [14] . The latter effect will manifest as changes in X-ray diffraction (XRD) intensity in particular orientations, which will be discussed in the XRD analysis. Moreover, it is worth noting that no crack formation was identified in any of the samples, which indicated that the application of Si wafer as substrate had overcome the material degradation found in previously fused silica based samples [3, 4] . This improvement of material stability with respect to high temperature annealing process, has made Mo-Si promising as a whole for use as contact-substrate for Si QDs solar cells.
Results and Discussion

Appl. Sci. 2018, 8, x FOR PEER REVIEW 3 of 10
Icon SPM (Bruker, Bill Clinton, MA, USA), and field emission scanning electron microscopy (FESEM) using a FEI Nova NanoSEM 230 (Thermo Fisher Scientific, Hillsboro, OR, USA). The FESEM was also utilized to check the Mo/Si interface through cross-sectional imaging on the cleaved samples. The evolution of the crystalline structures of Mo thin films was investigated through X-ray diffraction using a PANalytical Xpert Materials Research diffractometer with a Cu Kα source. Finally, the change in electrical properties of Mo thin films, with respect to annealing temperature, which is correlated to the evolution of crystalline properties, was studied based on a 4-point-probe (4PP) measurement using a Jandel Model RM3 setup. Figure 2 demonstrates the plan view and cross-sectional scanning of Mo thin films using a combination of AFM and FESEM. The as-sputtered Mo thin film consisted of flake-like grains from, both 3D AFM and plan view FESEM images. These flake-like grains were transformed to stony-like ones upon annealing. Similar changes in morphology with annealing temperature were reported in Reference [10] , where the authors attributed the stony-like grains to an association with Mo surface oxidation. From Figure 2c , the thickness of the thin films is around 1 µm and remains unchanged regardless of heat treatments. Mo crystals in the as-sputtered sample had columnar grains along the cross-section of the film, which were packed perpendicular to the Si wafer substrate. With respect to annealing, new interfaces started to form within the grains, and the columnar feature of Mo crystals was lost when the sample was annealed in 900 ℃, which was the recrystallization temperature of Mo [13] . As the annealing temperature increased above 900 ℃, higher energy was obtained in the thin film to facilitate grain boundary migration. As a result, crystals were merged with adjacent grains, and subsequently the enlarged grains grew to a level where their volumes were comparable to the thickness of the film when the sample was annealed at the highest temperature of 1100 ℃. The recrystallization process is usually accompanied by stress relaxation and crystalline texture evolution [14] . The latter effect will manifest as changes in X-ray diffraction (XRD) intensity in particular orientations, which will be discussed in the XRD analysis. Moreover, it is worth noting that no crack formation was identified in any of the samples, which indicated that the application of Si wafer as substrate had overcome the material degradation found in previously fused silica based samples [3, 4] . This improvement of material stability with respect to high temperature annealing process, has made Mo-Si promising as a whole for use as contact-substrate for Si QDs solar cells. The surface roughness of all samples was determined from AFM measurements on a 1.0 μm × 1.0 μm area, and the results are plotted in Figure 3 as a function of annealing temperature. It was noted that, post-sputtering heat treatments led to rough surfaces on thin films, which increased with annealing temperature following the linear relation indicated in Figure 3 . The higher roughness could be explained by the results of larger grain size and formation of Mo oxide defects on the surface, as observed in plan-view FESEM scanning. Even though the maximum roughness obtained on the sample Mo-1100 reached around 30 nm, it is acceptable for fabrication of full Si QDs devices, which are typically 400-500 nm in thickness. The surface roughness of all samples was determined from AFM measurements on a 1.0 µm × 1.0 µm area, and the results are plotted in Figure 3 as a function of annealing temperature. It was noted that, post-sputtering heat treatments led to rough surfaces on thin films, which increased with annealing temperature following the linear relation indicated in Figure 3 . The higher roughness could be explained by the results of larger grain size and formation of Mo oxide defects on the surface, as observed in plan-view FESEM scanning. Even though the maximum roughness obtained on the sample Mo-1100 reached around 30 nm, it is acceptable for fabrication of full Si QDs devices, which are typically 400-500 nm in thickness. The crystalline properties of Mo thin films, including preferred orientations and crystallite size, were studied via XRD over a 2 range from 30° to 90°, with a step size of 0.01°. The XRD spectra of each sample in Figure 4 was normalized to its corresponding maximum value. The main peaks identified at around 2 = 40.5° and 73.7° from all samples match the Mo Bragg reflections from (110) and (211) planes, respectively. Weak peaks originated from Mo (200) planes and were also detected on As-Mo, Mo-700, and Mo-800, whilst this peak was hardly noticeable on sample Mo-1000 and Mo-1100. For all annealed samples, XRD peaks related to Mo oxides were identified apart from the Bragg peaks of Mo, which explained the stony-like grains on the FESEM plan views, and the increased surface roughness from AFM. Since no oxide associated peaks were found on the assputtered sample, the oxidation of Mo thin films may occur during annealing due to furnace leakage, or after annealing because the sample is still at a fairly high temperature when unloaded from the furnace and cooled down in an ambient environment. (211) planes, respectively. Weak peaks originated from Mo (200) planes and were also detected on As-Mo, Mo-700, and Mo-800, whilst this peak was hardly noticeable on sample Mo-1000 and Mo-1100. For all annealed samples, XRD peaks related to Mo oxides were identified apart from the Bragg peaks of Mo, which explained the stony-like grains on the FESEM plan views, and the increased surface roughness from AFM. Since no oxide associated peaks were found on the as-sputtered sample, the oxidation of Mo thin films may occur during annealing due to furnace leakage, or after annealing because the sample is still at a fairly high temperature when unloaded from the furnace and cooled down in an ambient environment. The crystalline properties of Mo thin films, including preferred orientations and crystallite size, were studied via XRD over a 2 range from 30° to 90°, with a step size of 0.01°. The XRD spectra of each sample in Figure 4 was normalized to its corresponding maximum value. The main peaks identified at around 2 = 40.5° and 73.7° from all samples match the Mo Bragg reflections from (110) and (211) planes, respectively. Weak peaks originated from Mo (200) planes and were also detected on As-Mo, Mo-700, and Mo-800, whilst this peak was hardly noticeable on sample Mo-1000 and Mo-1100. For all annealed samples, XRD peaks related to Mo oxides were identified apart from the Bragg peaks of Mo, which explained the stony-like grains on the FESEM plan views, and the increased surface roughness from AFM. Since no oxide associated peaks were found on the assputtered sample, the oxidation of Mo thin films may occur during annealing due to furnace leakage, or after annealing because the sample is still at a fairly high temperature when unloaded from the furnace and cooled down in an ambient environment. To investigate the degree of Mo crystalline orientation along a certain plane (hkl), the texture coefficient C hkl is determined through Equation (1) [9, 15] :
Results and Discussion
where n is the number of reflections (i.e., identified Bragg peaks); I hkl and I 0 hkl are the measured intensity of the (hkl) reflection from the thin film sample, and the intensity of the (hkl) reflection from the corresponding powder sample, respectively, as explained in Reference [15] . A completely randomized sample will have unity C hkl values on all planes, whilst values for samples with preferred growth direction will deviate from 1 [15] . To study the preferred orientation of each Mo thin film, the standard deviation σ of all C hkl values compared to randomly orientated samples is determined by Equation (2) [9, 15] , in which smaller values of σ correspond to a lesser preferential degree of alignment of the sample. C hkl and σ for each Mo thin film are summarized in Table 1 .
As-sputtered Mo and those films annealed below 900 • C (included) demonstrated strong orientation preference in the (110) direction, since C 110 of these samples were at least two times larger than the value for other orientations. On the other hand, the texture coefficient for the (200) plane was the smallest, and the change was marginal for all samples. Moreover, the texture coefficient for the (211) plane first decreased from As-Mo to Mo-800, and then recovered to the level of As-Mo when annealed at 900 • C. Finally, C 211 increased to near 1.5 when the samples were annealed at 1000 • C and 1100 • C, respectively. These changes indicated that (110) is the dominant crystalline orientation on as-sputtered Mo thin film, and for samples annealed at 700-900 • C. However, this preference was lost and shifted to the (211) plane when the annealing temperature was above 900 • C. From Table 1 , the drop in C 110 overwhelms the increase in C 211 . Therefore the σ value follows the trend of the C 110 , and a peak value of 0.73 was obtained on sample Mo-800. Such changes in texture coefficient and preferred orientation were results of the Mo recrystallization process, as pointed out previously. Crystallite size of Mo (D Mo ) were estimated using the Scherrer Equation from (110) XRD peaks [16] :
where λ is the X-ray wavelength of Cu Kα (0.154 nm), β is the full width at half maximum (FWHM) of the diffraction peak at a Bragg angle of 2θ for the (110) plane. The calculated Mo crystallite sizes from XRD patterns are listed and plotted in Table 1 and Figure 5 (line + solid sphere), respectively. From Table 1 , the as-sputtered Mo has an estimated crystallite size of 18.5 nm. Upon annealing, they start to grow in size, almost linearly, with an annealing temperature from 700 • C to 1000 • C, see Figure 5 . The value finally reaches 24-25 nm and stays relatively unchanged, between samples Mo-1000 and Mo-1100. Figure 5 . The value finally reaches 24-25 nm and stays relatively unchanged, between samples Mo-1000 and Mo-1100. The electrical property of Mo thin film was analyzed by examining the sheet resistance of the samples obtained through 4PP measurements. The resistivity of the film was then obtained by dividing the sheet resistance by the thickness of the film (i.e., 1 µm from cross-sectional FESEM). Results of this study are listed in Table 2 . The evolution of resistivity as a function of annealing temperature is also plotted in Figure 5 (line + solid square), where the resistivity of Mo thin films reduces with increasing annealing temperature, before it saturates when annealed above 1000 ℃. This trend is obviously opposite to the change in Mo crystallite size on the same plot. Electrical properties of Mo thin films fabricated in this work were mainly affected by sub-grain boundary electron scatterings and background electron scatterings. At room temperature measurement, the electron mean free path (EMFP) in Mo was 39.5 nm [17, 18] , which was two orders of magnitude smaller than the thicknesses of Mo thin films in this paper. This made the contribution of external size effect, if at all, to the thin film resistivity due to surface electron scatterings that were insignificant in comparison with background electron scatterings. Therefore, it is safe to assume a unity specular reflection coefficient of = 1 [19] . On the contrary, the estimated Mo crystallite sizes from XRD were in the range of 18-25 nm. These values were comparable to the EMFP, and thus the internal size effect of thin film resistivity results from the sub-grain electron scatterings could not be ignored. As a result, the resistivity of Mo thin films can be described using the model established by Mayadas and Shatzkes (MS model) in Equation (4) [19] , under the Matthiessen's rule [20, 21] . The electrical property of Mo thin film was analyzed by examining the sheet resistance of the samples obtained through 4PP measurements. The resistivity of the film was then obtained by dividing the sheet resistance by the thickness of the film (i.e., 1 µm from cross-sectional FESEM). Results of this study are listed in Table 2 . The evolution of resistivity as a function of annealing temperature is also plotted in Figure 5 (line + solid square), where the resistivity of Mo thin films reduces with increasing annealing temperature, before it saturates when annealed above 1000 • C. This trend is obviously opposite to the change in Mo crystallite size on the same plot. Electrical properties of Mo thin films fabricated in this work were mainly affected by sub-grain boundary electron scatterings and background electron scatterings. At room temperature measurement, the electron mean free path (EMFP) in Mo was 39.5 nm [17, 18] , which was two orders of magnitude smaller than the thicknesses of Mo thin films in this paper. This made the contribution of external size effect, if at all, to the thin film resistivity due to surface electron scatterings that were insignificant in comparison with background electron scatterings. Therefore, it is safe to assume a unity specular reflection coefficient of p = 1 [19] . On the contrary, the estimated Mo crystallite sizes from XRD were in the range of 18-25 nm. These values were comparable to the EMFP, and thus the internal size effect of thin film resistivity results from the sub-grain electron scatterings could not be ignored. As a result, the resistivity of Mo thin films can be described using the model established by Mayadas and Shatzkes (MS model) in Equation (4) [19] , under the Matthiessen's rule [20, 21] .
where ρ f and ρ 0 are the resistivity of the thin film and the corresponding single crystal bulk material (5.3 µΩ cm for Mo [17] ), respectively. α is a factor related to the EMFP λ RT at room temperature, the Mo crystallite size D in the thin film, and the grain boundary reflection coefficient R, following the expression in Equation (5) .
The change of ratio ρ f /ρ 0 as a function of Mo crystallite size is presented in Figure 6 , where solid dots are the measurement data, and solid curves are obtained using the MS model in Equation (4) by varying R from 0.35 to 0.65, with a step size of 0.05. According to Figure 6 , the resistivity of Mo thin films drops when Mo crystallites grow in size, following the trend given by the MS model. This is also consistent with observations from Figure 5 , which show that as annealing temperature increases, Mo crystallites are enlarged and hence resistivity is decreased. However, there is no way to fit all experimental data to one theoretical curve [17] . Therefore it can be interpreted within the framework of the MS model, that the R value decreased in the range 0.35-0.65 with increased crystallite size [17] . 
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The change of ratio / as a function of Mo crystallite size is presented in Figure 6 , where solid dots are the measurement data, and solid curves are obtained using the MS model in Equation (4) by varying from 0.35 to 0.65, with a step size of 0.05. According to Figure 6 , the resistivity of Mo thin films drops when Mo crystallites grow in size, following the trend given by the MS model. This is also consistent with observations from Figure 5 , which show that as annealing temperature increases, Mo crystallites are enlarged and hence resistivity is decreased. However, there is no way to fit all experimental data to one theoretical curve [17] . Therefore it can be interpreted within the framework of the MS model, that the value decreased in the range 0.35-0.65 with increased crystallite size [17] . 
Conclusions
This paper studied the properties of Mo thin films sputtered on Si wafer substrates, which were subject to high temperature annealing treatments up to 1100 ℃. The evolutions of surface, interface, and crystalline properties, as a function of annealing temperature were examined. With the replacement of fused-silica by Si wafer as a substrate, crack formations resulting from mismatch of the thermal expansion coefficient were completely eliminated. The recrystallization of the Mo thin film started at 900 ℃, which led to rearrangements of the preferred crystalline orientation, and enhancement of grain size when the annealing temperature was further increased. The electrical conductivity of the Mo thin films was majorly affected by the increase of Mo crystallite size, as the annealing temperature was increased. Overall, the improvement of material sustainability and compatibility in a high temperature annealing process has made it positive to implement a Mo-Si contact-substrate scheme for vertical structured Si QDs solar cells. 
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